We present a method for controlling the efficiency of direct third-harmonic generation in quasi-periodic optical superlattices by means of the electro-optic effect. The calculated results manifest that this method is extremely efficient for achieving high efficiency of direct third-harmonic generation in predesigned quasi-phasematched coupled parametric processes and is feasible at any given fundamental intensity. In addition, we demonstrate that the electro-optic control approach is significantly better than the temperature-control method. © 2003 Optical Society of America OCIS codes: 190.2620, 190.4410, 130.4310. Third-harmonic generation (THG) is an important way to implement compact coherent light sources at new, shorter wavelengths. The conventional approach to achieving THG is to adopt a cascaded twostep process, 1 in which second-harmonic generation (SHG) and sum-frequency generation (SFG) of the second harmonic (SH) and its fundamental wave (FW) are phase matched in two separate crystals. An approach called the direct THG technique, in which the two parametric processes can be designed to be simultaneously quasi-phase matched in a single optical superlattice (OSL), has received considerable attention in recent years. This direct THG has been demonstrated in periodic 2,3 and Fibonacci 4 OSLs. In these kinds of OSL, however, THG can be achieved only at some special wavelengths. Based on a projection method, 5 a generalized quasi-periodic optical superlattice (QPOSL) was designed 6, 7 in which any two arbitrarily nonlinear interactions could be quasi-phase matched simultaneously.
Third-harmonic generation (THG) is an important way to implement compact coherent light sources at new, shorter wavelengths. The conventional approach to achieving THG is to adopt a cascaded twostep process, 1 in which second-harmonic generation (SHG) and sum-frequency generation (SFG) of the second harmonic (SH) and its fundamental wave (FW) are phase matched in two separate crystals. An approach called the direct THG technique, in which the two parametric processes can be designed to be simultaneously quasi-phase matched in a single optical superlattice (OSL), has received considerable attention in recent years. This direct THG has been demonstrated in periodic 2, 3 and Fibonacci 4 OSLs. In these kinds of OSL, however, THG can be achieved only at some special wavelengths. Based on a projection method, 5 a generalized quasi-periodic optical superlattice (QPOSL) was designed 6, 7 in which any two arbitrarily nonlinear interactions could be quasi-phase matched simultaneously.
For direct THG in an OSL there is a coupling between SHG and SFG that results in the appearance of the energy ref lux from harmonics to a FW when the intensity of the FW is increased. Basically it is impossible to retain the high-eff iciency third harmonic (TH) at any FW intensity for a predesigned OSL. However, high efficiency of THG at any level of FW intensity is always expected. Inasmuch as the structural parameters cannot be altered in a predesigned and prefabricated OSL, one possible way to achieve this goal is to change physical parameters such as refractive indices. Here, we propose an alternative and effective approach to the control of direct THG in QPOSLs by use of the electro-optic effect. We further show that a high-eff iciency TH can be achieved by means of the linear refractive-index gratings (LRIGs) induced by the electro-optic effect through application of a dc electric f ield. Although the quasi-phase-matching (QPM) schemes in the framework of LRIGs have been discussed in several papers, 8 -14 most of the papers discussed cases in which LRIGs exist during the fabrication of the quadratic nonlinear grating (QNLG) and there is only one QPM process involved. The most commonly used QPM materials at present are fabricated by the domain-inverted technique, in which there is only a binary QNLG with homogeneous refractive indices. We focus on a theoretical analysis of direct THG based on a binary QNLG with tunability of LRIGs induced by the electro-optic effect. It should be noted that, unlike in previous papers that dealt only with a single QPM process in the presence of LRIGs, we discuss two simultaneous QPM processes (SHG and SFG) for direct THG in QPOSLs under the inf luence of LRIGs induced by the electro-optic effect.
Because simultaneous quasi-phase matching and periodic binary modulation of a nonlinear coeff icient are difficult to achieve, 4, 6 we chose two QPOSLs (QPOSL-I and QPOSL-II) for direct THG at a 1064-nm FW. The purpose of choosing two QPOSLs was to compare the electro-optic control in two different quasi-periodic sequences. The required structures were designed by a method described in Ref. 5 , based on the temperature-dependent Sellmeier equation for LiTaO 3 . In the absence of a dc electric field (i.e., no LRIGs), the coupling of FW, SH, and TH waves obeys
where f ͑x͒
11 in positive domains
Here j 1, 2, 3 refer to the FW and SH and TH waves, respectively; E j , I j , v j , and n j 0 are the electric field, the intensity, the angular frequency, and the refractive index of the jth wave, respectively; k j 0 v j n j 0 ͞c, where c is the speed of light in vacuum. Numerical results of Eqs. (1) under conditions of perfect QPM indicate that the eff iciency of the TH oscillates with I FW , which suggests that it is impossible to achieve a high-efficiency TH at any I FW , and the oscillating behavior is different for two QPOSLs owing to their different values of d SH and d TH . For example, for QPOSL-I the TH is much stronger than the SH because SFG is more efficient than SHG. When we increase the intensity of the FW, the TH reaches its maximum (ϳ75%) at I FW 12 MW͞cm 2 and the SH is exhausted completely, with a residual spot of the FW. After that, the TH is reduced while the FW and the SH increase because the difference-frequency generation becomes dominant. When the TH attains its minimum near zero at I FW 51 MW͞cm 2 the SH has a weak residual, which means that almost all energy ref luxes to the FW. With a further increase in I FW , the TH begins to increase because the SFG becomes dominant again, as a consequence of the nonlinear polarization excited by the residual SH and the strong FW. The TH reaches its maximum (ϳ80%) at I FW 114 MW͞cm 2 . For QPOSL-II, however, the result is quite different. The SH in QPOSL-II is significantly enhanced because of its larger d SH , and the TH is still strong. The TH attains its maximum (ϳ88%) at I FW 12 MW͞cm 2 , where the FW is depleted completely and the SH reaches its minimum. Then the TH decreases until it reaches a minimum at I FW 54 MW ͞cm 2 , and its energy ref luxes to the SH and the FW. When the FW is further increased, the TH exhibits its second maximum (ϳ73%) at I FW 104 MW͞cm 2 . The results described above indicate that perfect QPM conditions become unfavorable for a highefficiency TH in the higher region of I FW . Because efficiency depends critically on phase mismatch, we attempt to achieve a high-efficiency TH at any I FW by introducing tunable LRIGs based on the electro-optic effect.
When a dc electric f ield with the intensity E is applied to an OSL along the z axis parallel to the domains, simultaneous LRIGs can be induced based on the electro-optic effect 16 :
where r 33 is the electro-optic coefficient and f ͑x͒ is still defined by Eq. (2). The induced LRIGs are tunable through changes in E. If we treat this problem strictly, we have to take into account the ref lection at each interface. 17 Because the modulation of the refractive index is very weak (only ϳ0.01%) even when E 1 kV͞mm, the backward waves can be ignored.
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So we can obtain modified Eqs. (1) that describe three-wave coupling with the LRIGs, provided that n j 0 and k j 0 in Eqs. (1) are replaced by n j ͑x͒ v j n j ͑x͒͞c and k j ͑x͒ v j n j ͑x͒͞c, respectively. For periodic OSLs the modif ied Eqs. (1) can easily be rewritten as equivalent averaged equations. 11, 14 However, it is diff icult to f ind the averaged equations because of the quasi-periodic nature of gratings. Therefore we solve the modified Eqs. (1) numerically in the presence of LRIGs. The competition between LRIGs and QNLG can alter the effective nonlinear coefficients, depending on the strength of the LRIGs. 8 -14 Now, adjusting the dc electric f ield with an accuracy of 1 V͞mm and solving the modified Eqs. (1) numerically, we can f ind the high-efficiency TH and the corresponding dc electric f ield. When I FW , ϳ8 MW͞cm 2 , the eff iciency of TH cannot be improved for the two QPOSLs because perfect QPM is essential; a QPM mismatch caused by a dc electric field would result in a decrease of THs. It can be seen from Fig. 1 that when I FW . ϳ8 MW͞cm 2 the energy ref lux is eff iciently suppressed by the appropriate LRIGs, ensuring an exchange of energy from the FW to the TH; naturally, high eff iciency can be always maintained at any I FW . A proper dc electric f ield can construct LRIGs that are suitable to actively alter the effective nonlinear coeff icients f inally to achieve efficient control of energy exchange. It is obvious that the optimal efficiency curve exhibits a dip at I FW I FWdip 94 MW ͞cm 2 for QPOSL-I and at I FW I FWdip 90 MW ͞cm 2 for QPOSL-II. Figure 1 is divided into two regions by the dip, and the dc electric f ield required for high eff iciency exists a jump at the dip. Below I FWdip the dc electric f ield increases nonlinearly, ranging from 0 to 180 V͞mm for QPPLT-I and from 0 to 209 V͞mm for QPPLT-II; above I FWdip the inverse dc electric field is required and varies ranging from 0 to 293 V͞mm for QPPLT-I and from 237 to 213 V͞mm for QPPLT-II.
Temperature tuning can also change the refractive indices to introduce a phase mismatch. We also investigate the inf luence of temperature tuning on efficiency, compared with electro-optic control. The temperature and the electro-optic effect exhibit a difference in that the former has only a QNLG that is due to the homogeneous refractive indices and introduces a sample phase mismatch whereas the latter has simultaneous QNLG and LRIGs that are due to inhomogeneous refractive indices. So Eqs. (1) can still be employed to deal with the case when the temperature is tuned, provided that the new refractive indices are used at the FW, the SH, and the TH at the new tuning temperature. The results are depicted in Fig. 2 . We found that the property of temperature control with an accuracy of 0.01 ± C is better than that with an accuracy of 0.1 ± C. Even with an accuracy of 0.01 ± C, temperature tuning cannot be much better than electro-optic control, except in the range 80 , I FW , 160 MW͞cm 2 for QPOSLT-II. Temperature control also has the disadvantage that the requirement for stability is rigorous.
The results described above are of importance for practical application of a direct THG device. With perfect QPM a high-efficiency TH cannot be always ensured at any I FW . Theoretical analysis has indicated that by choosing an appropriate dc electric f ield, one may obtain the optimal LRIGs and that therefore the TH obviously can be enhanced to achieve high efficiency at any I FW . We have demonstrated theoretically that using the electro-optic effect is the best choice for attaining a high-eff iciency TH in a QPOSL at any I FW and that the controlling property depends on the structural nature of the QPOSL. The difference between the electro-optic effect and temperature control is determined mainly by the presence or absence of tunable LRIGs. Our result is completely different from that of a simple QPM process such as SHG.
